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Introduction
Globally, indoor air pollution (IAP) resulting from cooking fuel was linked to 4.3 million deaths in 2016 in low-and middle-income countries (LMIC). Of those deaths, more than 10 percent are those of children under the age of five (World Health Organization 2014) . IAP mainly caused by the use of pollutant cooking fuels such as coal, charcoal, wood, animal dung, and agricultural crops, not only led to premature deaths resulting from acute pneumonia and lower respiratory infections but also higher disability-adjusted life years (DALYs), and hence resulting in an increase in the national and global burden of disease (World Health Organization 2007 , World Health Organization 2009 . Moreover, among the top 20 most affected counties, 18 were in SSA (International Energy Agency 2016 , World Health Organization 2007 . SSA is seriously affected because of several underlying factors including the reliance on solid biomass for cooking by the four-fifths of its populace and this poses a greater risk of disease and death of the under-five children (World Health Organization 2007) . Indoor cooking using pollutant fuels generate high amount of indoor smoke that contains various substances that have serious health effects. Specifically, exposure to IAP during early childhood impairs the lung function and aggravates the prevailing conditions such as asthma since this is a critical period for the development and maturation of the immune system and various biological systems (Islam et al. 2007; Gauderman et al. 2015) ; and hence, children's developing organs remains very sensitive to toxic pollutants because they have a higher rate of breathing, absorption, and retention of toxic substances from the air than adults (Davis & Saldiva 1999; Miller et al. 2002; Perlroth & Castelo Branco 2017) .
One of the central focus of the Sustainable Development Goal 3 (SDG3) is the target of reducing the number of deaths and illnesses from hazardous chemicals and air including reduction of newborn and under-five deaths (United Nations 2016). However, most studies on IAP as a result of solid fuel in LMIC have majorly focused on ill health such as respiratory illnesses among others (Smith et al. 2000; Gajate-Garrido 2013) , which is plausible, and not the fatal effect of the chemical components generated by indoor air pollutants (i.e. sulfur dioxide (SO 2 ), carbon monoxide (CO), particulates, nitrogen oxides (NO x ), formaldehyde, benzene, arsenic, polyaromatic compounds, and lead) which also remains unclear in the literature (Naeher et al. 2007 ). Several studies have indicated that children under the age of five compose the most susceptible group for fatalities caused by pollutant cooking fuels (Smith et al. 2000; Gajate-Garrido 2013; Upadhyay et al. 2015) . Recent evidence in SSA also indicates that children under five are at a greater risk of death when solid fuel is used in the household (Ezeh et al. 2014; Kleimola et al. 2015) . Nevertheless, the relationship between cooking fuel and risk of under-five mortality, on a much wider scale, has not been adequately determined in SSA.
Several factors are also in the interplay of increased or reduced risk of under-five death, for example -while factors such as breastfeeding may act as a protective factor (World Health Organization 2000; Mullany et al. 2008) , other pollutants such exposure to tobacco smoke in the household may also contribute to an extra risk of under-five death. Breastfeeding has been found to provide immunologic protection against many infections and respiratory diseases (Goldman 1993; Cushing et al. 1998; Oddy et al. 2003; Field 2005; Tromp et al. 2017 ). On the other hand, tobacco smoking is another toxic indoor air pollutant that has serious health consequences such as acute and chronic respiratory illnesses that would lead to mortality of the under-five children (Charoenca et al. 2013; Sigaud et al. 2016) . However, little is known on the interaction between exposure to smoke from cooking fuel and tobacco smoke. In this study, we therefore hypothesized that exposure smoke from both cooking fuel and tobacco in the household increases the risk of under-five mortality in an additive scale.
In the present study, we explored the association between type cooking fuel and risk of under-five mortality in SSA, further investigating the interaction between exposure to smoke from cooking fuel and tobacco smoke on the under-five mortality.
Methods

Study population and data sources
We used the most recent cross-sectional data of 23 countries in SSA (n = 783,691), collected within 2010 to 2014 through the Demographic Health Survey (DHS). The countries included in the study were Benin, Bukina Faso, Burundi, Comoros, Congo, Côte d'Ivoire, DRC, Ethiopia, Gabon, Gambia, Guinea, Kenya, Liberia, Mali, Mozambique, Nigeria, Namibia, Rwanda, Sierra Leone, Togo, Uganda, Zambia, and Zimbabwe. A stratified sampling technique based on a two-stage cluster sampling design was employed to sample the households before collecting information for women (aged 15-49 years) and their children. The total number of children for each country is presented in Table 1 . The DHS program obtained ethical approval from the ethics committees of each country before conducting the survey in collaboration with the ministries of health. Detailed information of the survey is available at http://dhsprogram.com. Briefly, the DHS is a cross-sectional nationally representative household survey that collects health information through a face-to-face interview. In sampling the households, a stratified two-stage cluster sampling approach is used where the first stage involves sampling of enumeration areas from national census files by considering the residence and regional levels. In the second stage, however, households are sampled in the selected enumeration area. The trained field staffs conduct the interviews under the supervision of coordinators who are responsible for data collection quality. The participants signed an informed consent before data collection, and all the data were anonymized. The ethical standards of DHS program are described elsewhere (Adetunji and Shelton 2011) , while the data and the final report of each country, sampling, and response rate is found on the DHS Program's website (Demographic Health Survey Program 2016).
Measurements
Under-five mortality
To define our outcome indicator, all-cause mortality of the under-five with time-to-event being age in months (0 -59) was used (1 for yes; 0 otherwise). All-cause mortality was used because of the data limitation resulting from the uncollected information on causes of death. The under-five mortality question asked whether the child was alive or dead at the time of the interview; and if the child was dead, age at death was asked.
Cooking fuel exposure assessment
Our exposure variable was type of cooking fuel used in the household. It had 11 categories, and for the purpose of our analysis we classified it into four main groups which include: 'clean' fuel (electricity, natural gas, biogas or liquefied petroleum gas) as the reference group; biomass cooking fuels divided as 'charcoal' (i.e. majorly used indoors) and other 'biomass' fuels -mainly used outdoors for cooking (wood, straw/shrubs/grass, agricultural crops, or animal dung); and 'other' pollutant cooking fuel (coal, lignite or paraffin/kerosene).
Covariate information
Several variables were considered in this study. These included the proxy measure of the level of exposure to household air pollution, the location of household kitchen categorized in three groups (located in the house, outdoors, or in a separate building), the country, the place of residence (urban or rural), and the administrative provinces of each country. Moreover, we included children's characteristics: the binary variables of sex and breastfeeding status, and the discrete variable, the number of under-five Table 1 . Characteristics of children five and under in Sub-Saharan Africa, by cooking fuel (n = 783,691).
Cooking fuel type
Clean n (% wt ) a Charcoal n (% wt ) a Biomass n (% wt ) a Other n (% wt ) a p-value total number children in the household. We also included family characteristics, including mother's age and the family size, as continuous variables. We also included a potential household pollutant: household tobacco smoke (a binary variable). Furthermore, our analyses included indicators of socioeconomic status (SES), such as household wealth index (poorest, poor, middle, rich, and richest), mother's education (no education, primary, and secondary and higher), mother's and father's occupation (unemployed, professional/office-related, sales, farming, and other services), which were all previously identified as potential confounders (Wichmann & Voyi 2006; Rinne et al. 2007; Rehfuess et al. 2009; Kashima et al. 2010; Ezeh et al. 2014; Naz et al. 2015 Naz et al. , 2016 .
Statistical analysis
The association between exposure to smoke from cooking fuel and the risk of under-five mortality in SSA was investigated using a four-stage of analyses. First, the distribution of children exposed to smoke from solid cooking fuels was mapped for each SSA country by place of residence. The mapping of these proportions was executed using Google Earth Pro and Epi Info 7.2 (Google Earth Pro 2015; Dean et al. 2016) . Secondly, the characteristics of the children by cooking fuel category were compared through a χ 2 test for categorical variables and linear regression for continuous independent variables. Thirdly, Cox proportional hazards models were used to analyze the association between exposure to smoke from cooking fuel and the risk of under-five mortality with the time-to-event variable being the age in months. Cox proportional hazard model is a survival model that consider the time to the occurrence of an event, in this case -age in months before a child's death. Two models were fitted in this study. In the first model, we evaluated whether the risk of under-five mortality varied across the indicators by fitting simple Cox proportional hazard models. We then fitted the second model as below:
where is the hazard function and i is the child at time t; β is the regression coefficient; X is the variable; and n is the number of variables. The 0 is the baseline hazard function when exp(X ) = 1.
To adjust for the sampling design, all analyses were weighted using complex survey analysis -which employs Taylor series linearization -by incorporating the sampling weights, pooled countries, sampling strata (cluster), and primary sampling unit. The hazard ratio (HR) and 95 % confidence interval (CI) of each indicator was presented for all variables.
Finally, we estimated the interaction -in an additive scale -between smoke from cooking fuel and tobacco smoke on the under-five deaths. We used two indices to approximate the risk ratio from the adjusted HRs, and these were the relative excess risk due to interaction (RERI) and the attributable proportion due to interaction (AP). RERI indicates part of the total effect that is due to interaction (RERI ≈ HR 11 − HR 10 − HR 01 + 1) (VanderWeele 2011); an RERI less than 0 implies a negative
a n is unweighted number, while the row percentages (% wt ) were weighted using a taylor series linearization by incorporating the primary sampling unit, sampling strata (cluster), country, and sampling weights. interaction or less than additivity (i.e. combining exposure to smoke from cooking fuel and tobacco smoke can have extra risk effects). AP indicates the proportion of the combined effect that is due to interaction (AP = RERI/HR 11 ); an AP less than zero implies a negative interaction. We employed the 'ici' command in Stata to estimate the interaction effect and associated 95 % confidence interval (CI) using the matrix of the hazard regression model (Model 2). Some authors have encouraged the use of bootstraps in estimating the 95 % CI (DiCiccio & Efron 1996) , while others found that the 95 % CI results tend to be similar in large studies when using different approaches (Richardson & Kaufman 2009 ). Since our study included a large sample size, we therefore used the variance and covariance of the coefficients to estimate the 95 % CI (Hosmer & Lemeshow 1992; Zou 2008) . All analyses were carried out in Stata 13.1 (StataCorp 2013).
Results
Sample characteristics
In Table 1 , the socioeconomic and demographic factors of the children in each cooking fuel group are presented. The majority of children in SSA were exposed to smoke from biomass cooking fuel (76.7 %), living in rural areas, from poor families, and had parents without formal educations who were engaged in farming activities; 91.9 % of the under-five children living in rural areas were exposed to smoke from biomass cooking fuels, while for poorest families 94.9 % were exposed to biomass cooking fuels. Moreover, 88.9 % and 92.9 % of children of the uneducated mothers and were involved in farming activities were exposed to smoke from biomass cooking fuel, respectively. All the indicators were statistically significant at p < 0.001, except for the child's sex (p = 0.042).
Geographical profile of solid cooking fuel by residence
The distributions of solid cooking fuel by place of residence (categorized as urban and rural) for each country are shown in Figure 1 . The proportion of children under five exposed to smoke from biomass cooking fuel, in both urban and rural areas, of some countries (Bukina Faso, Ethiopia, Gambia, Mali Sierra Leone, and Rwanda) were the highest. Moreover, the highest proportions were seen in rural residences. Even though exposure to smoke from the use of solid biomass for cooking appeared low in Togo, over 91 % and 98 % of urban and rural children, respectively, children exposed to smoke from use of biomass and charcoal/coal, combined was still high. Overall, the majority of the children were exposed to smoke from solid cooking fuel (charcoal and biomass combined) with Gabon (15.1 %) being the lowest and some countries (i.e. Bukina Faso, Burundi, DRC, Ethiopia, Gambia, Gabon, Liberia, Mali, Rwanda, Sierra Leone, and Uganda) as high as 98 %. Table 2 presents the crude and adjusted HRs of the association between exposure to smoke from cooking fuel and risk of under-five mortality. Use of different types of cooking fuel was significantly associated with the risk of under-five mortality in SSA before and after controlling for other indicators. Before adjustment, children who were exposed to emission from charcoal (HR = 1.97; 95 % CI, 1.80-2.16), biomass (HR = 2.67; 95 % CI, 2.46-2.90), and other fuels (HR = 1.49; 95 % CI, 1.34-1.66) were at a higher risk of mortality than those who were exposed to clean cooking fuel. But after adjusting for all the variables in Model 2, the HRs for those exposed to charcoal and biomass fuels fell to 1.21 (95 % CI, 1.10-1.34) and 1.20 (95 % CI, 1.08-1.32), respectively, but were still statistically significant at p < 0.001; while the risk of death for children exposed to other fuels attenuated. 
Cooking fuel and risk of under-five mortality in SSA
Other factors associated with risk of under-five mortality
In general, all the variables were statistically associated with the risk of under-five mortality before adjustment in Model 1 (Table 2) . But, after adjustment, only those who had kitchens in their house were more at risk for under-five mortality than those who had kitchens located in separate buildings (HR = 1.06; 95 % CI, 1.03-1.10). The majority of the countries were at a higher risk of under-five mortality than Benin, with Sierra Leone having the highest HR of 2.73 (95 % CI, 2.54-2.95) while Comoros was the lowest at 38 % less risk of under-five mortality than Benin. Children living in rural areas (HR = 1.08; 95 % CI, 1.04-1.12), still breastfeeding (HR = 1.03; 95 % CI, 1.01-1.06) were at more risk of death than those in urban areas and had stopped breastfeeding, respectively. Female children were at 6 % less risk of death than the male children. An increase in the mother's age by one year lowered the risk of death by 5 %. A child who was exposed to tobacco smoke in the household was at 9 % higher risk of death than those who were not exposed. The richest households (HR = 0.65; 95 % CI, 0.61-0.69) and mothers who had higher education levels (HR = 0.68; 95 % CI, 0.59-0.79) and professional jobs (HR = 0.88; 95 % CI, 0.79-0.98) were at less risk of under-five death than the poorest households, uneducated, and unemployed mothers, respectively. Still, all the SES indicators were statistically significant after adjustment, except for father's occupation.
Interaction between cooking fuel and breastfeeding
The risk of under-five death in households that were using charcoal as cooking fuel and were exposed to tobacco smoke was 40 %, while that of children exposed to smoke from biomass cooking fuel and tobacco smoke was 29 %. The adjusted HRs of children exposed to smoke from both charcoal cooking fuel and tobacco (HR = 1.40; 95 % CI, 1.24-1.58) and smoke from both biomass cooking fuel and tobacco (HR = 1.29; 95 % CI, 1.15-1.44) were higher as compared to the adjusted HRs of children exposed to smoke from charcoal and biomass cooking fuels in Table 2 , respectively. There was a sign of positive interaction between exposure to smoke from cooking fuel and tobacco smoke on the under-five deaths, but the RERI and AP in all the cooking fuel types were not statistically significant (Table 3) . 
Discussion
Reduction of the number of deaths from hazardous chemicals and air by 2030 is entrenched in SDG3 targets, and yet, the primary household air pollutant in SSA still remain solid cooking fuels, owing to an inadequate access of modern energy. The result of this has been nearly 600,000 premature deaths, 2016 estimate (World Health Organization 2007; International Energy Agency 2016). Recently, a growing awareness of the health-related outcomes associated with IAP has brought attention to the under-five mortality in LMIC, of which SSA and Southeast Asia account for the highest household air pollution-related deaths (World Health Organization 2014). An understanding of the relationship between the use of cooking fuel and risk of under-five death is therefore essential. Consequently, we explored the association between exposure to smoke from household cooking fuel and risk of underfive mortality in SSA, and further tested the interaction effect between exposure to smoke from cooking fuel and tobacco smoke on the under-five mortality. Consistent with previous studies (Ezeh et al. 2014; Naz et al. 2016) , we found that use of cooking fuel was significantly associated with the risk of under-five mortality in SSA. The risk of death was also higher in the proxy indicator of the level of exposure, kitchen location, with a greater risk realized in households with indoor kitchens. This result indicates that younger children who stay indoors and/ or are carried by mothers during cooking were at a greater risk of death (de Francisco et al. 1993; Bruce et al. 2000; Smith & Mehta 2003; Munroe & Gauvain 2012) . Kitchen location has previously been found to be an important risk factor of under-five mortality in Africa (Rehfuess et al. 2009 ). Our results indicate that the risk of under-five death can be reduced with a kitchen distinct from the main house, even with use of pollutant cooking fuels as the main source of household energy.
Smoke from charcoal and biomass cooking fuels contain major indoor pollutants, such as carbon monoxide (CO) and very small particulates (PM 2.5 ), among other hazardous chemicals, and these chemicals increases the risk of under-five mortality. Hence, our findings on charcoal and biomass use have biologically plausible implications on the risk of death for the children exposed to the smoke from these cooking fuels. Even though there was no interaction between exposure to smoke from cooking fuel and tobacco smoke on under-five deaths, exposure to smoke from charcoal and biomass fuels together with tobacco smoke had an extra increase in the risk of under-five death with the HRs for charcoal-tobacco smoke (HR = 1.40; 95 % CI, 1.24-1.58) and biomass-tobacco smoke (HR = 1.29; 95 % CI, 1.15-1.44) being statistically significant, unlike another study that did not find the effect of secondhand smoking (Mishra et al. 2005) .
Our study found significant differences between and within the countries, with the children in rural areas being at a greater risk of death than those in urban areas, and this too was consistent with previous studies indicating that rural residence is a strong risk factor of under-five mortality (Bassani et al. 2010; Ezeh et al. 2014; Naz et al. 2016 ). The regional differences may be as a result of regional factors such as climatic conditions that may pose risk of respiratory diseases in infants and children. Clearly, the proportions of children exposed to smoke from biomass cooking fuels in SSA were high in rural areas (91.9 %). Inadequate access to clean cooking fuels, generally considered as safe, can explain these high figures. A greater proportion of children in some countries were highly exposed to biomass fuel in urban areas (i.e. Bukina Faso, Comoros, Ethiopia, Gambia, and Mali) and rural residence (i.e. Bukina Faso, Burundi, Ethiopia, Rwanda, and Sierra Leone) ( Figure 1 ). Four out of five people in the SSA population relied entirely on biomass fuel from wood, straw/shrubs/grass, agricultural crops, and animal dung for domestic cooking energy (International Energy Agency 2016). Incomplete combustion of biomass burning emits many toxic substances such as small particles, CO, NO 2 , formaldehyde, acrolein, benzene, toluene, polyaromatic hydrocarbons among others. This study also found that male children were at a higher risk of death than females, consistent with other studies (Bassani et al. 2010; Ezeh et al. 2014) . The finding that male children were at a higher risk of death than the female children; may be due to the longevity and survival of a female child who has a natural biological advantage over male child (Gurusamy 2007) . In addition, other factors that were significantly associated with the risk of under-five mortality included the number of under-five children in the household, mother's age, and the number of household members.
Even though breastfeeding has been shown to protect infants against infection and reduce the risk of respiratory illness (Cushing et al. 1998; Oddy et al. 2003; Tromp et al. 2017) , we found that children who were still breastfeeding were at a greater risk of death than those who had stopped. The reason for this kind of relationship could have been that younger children who were still breastfeeding may have been exposed to higher concentrations of smoke since their mothers may still carry them while cooking. In SSA, where the usage of biomass for cooking fuel remains high, mothers should be encouraged to continue breastfeeding beyond the minimum period usually advocated (6 months) at the same time reduce child's exposure to smoke from pollutant cooking fuels. Although research on breastfeeding beyond two years is rare, continued breastfeeding seems to remain an important source of nutrition and protection against disease (Onyango et al. 2002; Perrin et al. 2013) . Breastfeeding has been found to be effective only in the first 11 months of the life of a child in lowering the risk of death among children in a study of household air pollution from cooking fuel (Ezeh et al. 2014) .
Our study also found SES (e.g. wealth index, mother's education, and mother's occupation) to be a significant factor associated with the risk of under-five mortality. Children from richer households and who had educated mothers with professional jobs were at a lower risk of mortality than their counterparts. Poorer households are more inclined to using solid pollutant fuels, thus explaining the relationship (Larrea & Kawachi 2005) . In light of these findings, reduction of serious health problems associated with cooking fuel in SSA requires substitution of charcoal, wood, animal dung or agricultural crops to more efficient, modern, and less polluting cooking fuels. Nevertheless, since poorer households may have non-immediate changeable socioeconomic conditions, several other aspects such as behavioural changes may be necessary to reduce exposure to toxic indoor air pollutants. Low-cost or no-cost behavioural changes such as keeping children away from exposure to toxic substances, using dry wood for cooking, reducing cooking time by use of lids or improved cooking pans, opening doors and windows to improve ventilation can only be achieved if public health promotion is increased. Moreover, control of other indoor air pollutants may be necessary to improve indoor air quality and these include no tobacco smoking at home, non-use of pesticides and such like when a child is indoors, and cleaning molds and mites (World Health Organization & United Nations Environment Programme 2010).
One major barrier to improving under-five health outcomes in SSA is lack of awareness of the toxic effect of indoor air pollutants such as cooking fuel. Hence, policy-makers should consider reviewing the community and national health promotion strategy to reach and constantly educate the populace on preventive measures to exposure to toxic indoor pollutants through mass media and local community meetings. The use of mass media to transmit reliable information can inspire debates around these subjects and offer a platform for behavioural changes. Another setback to achieving desirable health outcome is limited income which leads to lack of access to clean fuel, especially in poor geographical locations that depend more on biomass cooking fuels. Community economic empowerment is therefore necessary to realize a rapid change in the non-use of solid cooking fuels, and subsequently, an improved health. Another major barrier is systemic-related, which inhibit parents of sick children to have immediate access to quality health care services. A lot more needs to be done to improve access to health care services and to encourage parents to seek immediate health care attention in case the child is unwell so as to reduce preventable under-five deaths. The health ministry should improve, equip, and staff available health facilities, and to build new ones in marginalized regions, so as to enhance access to quality health services. An independent evaluation team that would oversee progress in the under-five health may also be necessary, especially in the most affected regions.
Strengths and limitations
One of the strengths of our study is the national and regional representativeness using several countries in SSA to estimate the risk of under-five deaths from exposure to smoke from cooking fuel, and this increases generalizability of our finding. However, there were several limitations related to the exposure and outcome indicators. This study was based on cross-sectional data collected retrospectively, and hence a true measure of causality could not be ascertained as a result of potential biases such as recall, misclassification, and selection as well as extrapolation of characteristics at time of interview to the deceased child. Future studies should therefore consider developing a prospective study that would enable adequate assessment of the effects of micro-environmental risk factors and health outcomes. Secondly, we used all-cause mortality because detailed information on the child's health and causes of death was lacking. Children in SSA die from several other factors unrelated to IAP such as infectious diseases with malaria being the main cause of death. Studies that would follow-up children in SSA to determine the true causal relationship between IAP and under-five mortality are therefore necessary. The third limitation included inability to adjust for the unmeasured potential confounders, such as other details of tobacco smoking (e.g. number of cigarette smoked in the household), infectious diseases of both the living and dead children; some children might as well have died as a result of several other environmental-, social-, genetic-, and health-related factors. Fourthly, the effect of smoke from cooking fuel might have been underestimated because as children grow older they tend to be more active and participate in outdoor activities, leading to increased exposure to polluted ambient environment. Moreover, ventilation information and other information such as cooking frequency and the level of exposure to polluted air. The DHS survey data were collected for general purposes and hence might be limited in the information contained therein, including the historical use of cooking fuel, which can change with changes in household income (Reddy et al. 1997) . A previous study found that even though households may use one primary fuel, they would frequently switch to another (Balakrishnan et al. 2011 ). Finally, some households might have used a combined source of cooking fuel (i.e. clean and pollutants), but this information was not available in the data.
